Abstract. Sepsis is characterized by a severe inflammatory response to infection. With the spread of sepsis, various tissues, including the lungs, liver and kidney, may be damaged. This may finally develop into multiple organ dysfunction syndrome. Sphingomyelin and cholesterol are two main lipids involved in sepsis. The metabolism of sphingomyelin and cholesterol in the livers of mice with sepsis needs to be clarified. To achieve this, the present study intraperitoneally injected mice with PBS, lipopolysaccharide (LPS; 10 mg/kg) and LPS + pyrrolidine dithiocarbamate (PDTC; 30 mg/kg). Subsequently, sphingomyelin and cholesterol content were measured using kits, the sphingomyelin synthase (SMS) activity was measured using thin layer chromatography, and the expression levels of SMS1 and 2, hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR), ATP binding cassette subfamily A member 1 (ABCA1), scavenger receptor class B member 1 (SR-B1) and apolipoprotein A1 (Apo A1) were determined by western blotting in the livers of mice. Results demonstrated that, in the LPS group, sphingomyelin and cholesterol content was significantly increased (P<0.001; n= 6), the SMS activity significantly enhanced (P<0.001; n=6), the expression levels of SMS2, HMGCR, ABCA1 and SR-B1 were augmented (P<0.05; n=6), and the expression of Apo A1 was decreased (P<0.05; n=6), whereas SMS1 level only slightly increased with no statistical significance (P>0.05; n=6), compared to the levels in the control group. However, PDTC was able to attenuate these alterations. These results indicated that sphingomyelin and cholesterol content may increase in the liver dysfunction of sepsis by increasing the expression of SMS2, HMGCR, SR-B1 and ABCA1, and downregulating Apo A1.
Introduction
Sepsis is a life-threatening clinical disease induced by infection, and is characterized by systemic inflammation (1) . With the development of sepsis, various organs, including the lungs, liver and kidney, may become damaged. This may finally develop into multiple organ dysfunction syndrome (2) . According to the statistics of US Centers for Disease Control, there are 750,000 serious infection and subsequent disease cases in the United States each year (3) . In China, the morbidity and mortality is consistent with those reported from abroad (4) . Although great attention has been paid to basic research and clinical studies of sepsis in China and abroad, its incidence and mortality have remained high.
Several lipids are involved in sepsis and organ injury. Sphingosine-1-phosphate is a sphingolipid that has been demonstrated to significantly decrease inflammation in a murine model of acute lung injury induced by lipopolysaccharide (LPS) (5) . The upstream pathways involved in sphingolipid synthesis include sphingomyelin (SM) (6) . The biosynthesis of SM requires a series of enzymes, and sphingomyelin synthase (SMS) is the last critical enzyme. This enzyme has two isoforms (SMS1 and SMS2); SMS1 is found on the Golgi apparatus, and SMS2 exists in Golgi apparatus and plasma membranes (7) . Research has indicated that SM participated in organ injury in sepsis (8) (9) (10) . For example, studies by Hu et al (8) and Gowda et al (9) demonstrated that the expression and activity of SMS2 were enhanced in the lungs of mice during acute lung injury. Furthermore, SMS2-knockout mice demonstrated lower sensitivity to LPS, and attenuated nuclear factor (NF)-κB activation and lung injury by suppressing mitogen-activated protein kinase-c-Jun N-terminal kinase activation, compared to the wild-type mice (9) . However, when D609, an inhibitor of SMS, inhibited the SMS activity or small interfering RNA knocked down the expression of SMS2, these treatments attenuated LPS-induced pulmonary artery endothelial cell (HPAEC) injury (10) .
Cholesterol is another lipid involved in sepsis. In early 1993, a study by Memon et al (11) indicated that when C57BL/6J mice were injected with LPS, after 16 h, the serum cholesterol levels were significantly increased by ~41%. Additionally, clinical cases have also demonstrated that cholesterol is involved in sepsis. For example, In one study, patients with sepsis with acute bacterial infection were enrolled and divided into two groups; one group had been treated with statins [a type of drug that inhibits the key enzyme activity of hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) required for cholesterol biosynthesis] prior to their admission, and the other group had not been treated. Severe sepsis developed in 19% of patients in the non-statin group and in only 2.4% of the statin-treated group (12, 13) . Additionally, prior exposure to statins may have a protective effect on the development of sepsis and decrease mortality in critically ill surgical patients (14) . It is evident that cholesterol is involved in sepsis and may be a pro-inflammatory molecule in its development (15, 16) .
The liver is an important immune and metabolic organ that is closely linked to several major biological functions, including synthesis of glycogen, proteins and lipids, inflammatory response, detoxification and blood clotting (17) . Liver dysfunction has been known to occur frequently in the process of sepsis (18) . Although research has indicated that SM and cholesterol are involved in sepsis, the effects of SM and cholesterol on liver dysfunction remain to be elucidated. To clarify the metabolism of SM and cholesterol in the liver during sepsis in the present study, BALB/c mice were treated with LPS (to induce sepsis), LPS + pyrrolidine dithiocarbamate (PDTC) or PBS. PDTC inhibits the activation of NF-κB specifically by suppressing the release of the inhibitory subunit IκB combining with NF-κB (19, 20) . SM and cholesterol content, SMS activity and related protein levels were measured.
Materials and methods

Animal model of sepsis.
A total of 18 male BALB/c mice, weighing 26±3 g (5-6 weeks old), were obtained from the Experimental Animal Center of Nanchang University (Nanchang, China). All mice were kept under a 12-h light/dark cycle with free access to standard fodder and water. The temperature and humidity were 21±1˚C and 65%, respectively. Sepsis was induced in the mice as previously described (8) . Briefly, the mice were divided into the following three groups (n= 6/group): Control, LPS and L + P (LPS + PDTC). The L + P group were intraperitoneally injected with 30 mg/kg PDTC (Beyotime Institute of Biotechnology, Haimen, China) diluted in 50 µl PBS. The control and LPS groups were intraperitoneally injected with the same PBS volume (50 µl). After 1 h, the LPS and L + P groups were intraperitoneally injected with 10 mg/kg LPS (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) dissolved in 50 µl PBS. The mice in the control group only received the intraperitoneal injection of 50 µl PBS.
Murine survival was monitored every hour for 24 h. Subsequently, mice were euthanized by cervical dislocation and the serum and liver were collected for analysis. To identify the successful establishment of the sepsis model and liver dysfunction, plasma levels of interleukin (IL)-1β (E-EL-M0037c) and tumor necrosis factor (TNF)-α (E-EL-M0049c) (both from Elabscience Biotechnology Co., Ltd., Wuhan, China) were analyzed by ELISA using commercial kits, and the levels of alanine transaminase (ALT, C009-2) and aspartate transaminase (AST, C010-2) (both from Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were detected using commercial kits.
The present study obtained ethical approval from the Committee on Animal Experimentation of Nanchang University (Nanchang, China), and the procedures complied with the NIH Guide for the Care and Use of Laboratory Animals (21) .
Cholesterol and SM measurement. The livers of the mice were homogenized with PBS and then centrifuged at 9,659 x g at 4˚C for 10 min. The hepatic supernatant was collected and used to determine the protein concentration using a bicinchoninic acid (BCA) assay (CW0014S; Century Biotechnology Co., Ltd., Beijing, China). An equal volume mixture of chloroform/methanol (2:1, vol/vol) was added to the supernatant to extract the total lipids. The mixture was centrifuged at 4,293 x g, at 4˚C for 10 min. The supernatant was collected and then dried by nitrogen gas. The cholesterol content was calculated using a cholesterol assay kit (E1015; Applygen Technologies, Inc., Beijing, China), and the SM content was measured as previously described (22) .
SMS activity assay. SMS activity of mouse liver was analyzed as previously described (23) . Briefly, livers were homogenized in a buffer containing 50 mM Tris-HCl, 1 mM EDTA, 5% sucrose and protease inhibitors. The homogenate was centrifuged at 9,659 x g at 4˚C for 10 min, and the supernatant was used to analyze SMS activity. The reaction system contained 50 mM Tris-HCl (pH 7.4), 25 mM KCl, C6-NBD-ceramide (0.1 mg/ml; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and phosphatidylcholine (0.01 mg/ml). The mixture was incubated at 37˚C for 2 h. Subsequently, lipids were extracted in chloroform: Methanol (2:1, vol/vol), dried under nitrogen gas, and separated using thin layer chromatography. The plate was scanned with an autoradiography system (ChemiScope 6000 Pro; CLINX, Shanghai, China), and the intensity of each band was measured using Image-Pro Plus version 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Western blot analysis.
Proteins from liver tissues of mice were extracted using radioimmunoprecipitation buffer (CW2333S; Century Biotechnology Co., Ltd.), and the protein concentration was measured using a BCA assay. Equal amounts of clear lysates (~50 µg protein) were separated by SDS-PAGE (10%) and then transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Equal transfer was validated by staining with Ponceau red. The membranes were blocked with 10% skimmed milk in Tris-buffered saline (TBS) at room temperature for 1 h and then incubated with primary antibodies in TBS containing 0.05% Tween-20, 2% bovine serum albumin (A8010; Solarbio Bioscience & Technology Co., Ltd., Beijing, China) and 0.05% sodium azide overnight at 4˚C. The following antibodies were used at the indicated dilutions: SMS1 at 1:800 (A521; ABclonal Biotech Co., Ltd., Wuhan, China), SMS2 at 1:1,000 (AP9801b; Abgent Biotech Co., Ltd., Suzhou, China), apolipoprotein A1 (Apo A1; 14427-1-AP; Proteintech Group, Wuhan, China) at 1:500, ABCA1 (ATP binding cassette subfamily A member 1) at 1:300 (PB0490; Boster Biological Technology, Ltd., Wuhan, China), scavenger receptor class B member 1 (SR-B1) at 1:1,000 (21277-1-AP; Proteintech Group), HMGCR at 1:1,000 (A1633; ABclonal, Biotech Co., Ltd.) and β-actin at 1:10,000 (60008-1-Ig; Proteintech Group). Secondary horseradish peroxidase-coupled antibodies [mouse (SA00001-1) and rabbit (SA00001-2) (both from Proteintech Group) were used at 1:10,000 in 10% skimmed milk in TBS containing 0.05% Tween-20 (8, 23) . Signals were revealed using an enhanced chemiluminescence reagent (CW0049M; Century Biotechnology Co., Ltd.) and an autoradiography system (ChemiScope 6000 Pro).
Statistical analysis. Data were presented as the mean ± standard deviation. All statistical analysis was conducted using SPSS version 17.0 software (SPSS, Inc., Chicago, IL, USA). Statistical analysis was performed using one-way analysis of variance and Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Identification of an animal model of sepsis. In the process of sepsis, the levels of plasma inflammatory factors may be increased. To identify whether the construction of an animal model of sepsis was successful, the present study measured plasma levels of IL-1β and TNF-α. Results demonstrated that LPS significantly increased (P<0.001; n= 6) plasma levels of IL-1β and TNF-α after 24 h, by 2.03-and 3.69-fold, respectively, compared to the levels in the control groups (PBS-treated; Fig. 1A ). When the mice were injected with 30 mg/kg PDTC prior to treatment with LPS (L + P group), plasma levels of IL-1β and TNF-α were increased compared to the levels in the control groups ( Fig. 1A; P<0 .001; n= 6); however, the increase folds were significantly reduced (P<0.05; n=6; 0.80 and 1.46 folds, respectively) compared with the increases induced by LPS alone. These results demonstrated that the LPS treatment was successful at inducing sepsis after 24 h; however, PDTC was able to attenuate this process.
Furthermore, to detect whether sepsis causes damage to the liver, the AST and ALT levels were measured. Results revealed that the plasma ALT and AST levels of the LPS-treated group significantly rose by ~109.59 and 48.19% (P<0.001; n=6), respectively, compared with the levels in the control group. However, the levels in the L + P group increased by 54.18 and 21.04%, respectively, compared with the levels in the control group, and these levels were significantly decreased compared with the levels in the LPS group (Fig. 1B; P<0 .05; n=6).
Content of cholesterol and SM in the livers of mice.
SM and cholesterol are involved in the process of sepsis; therefore, the livers from the mice were homogenized with PBS to isolate the total lipids and the content of SM and cholesterol was measured. As demonstrated in Fig. 2 , the SM and cholesterol content significantly increased by 73.18 and 46.74%, respectively, in the LPS treatment group compared with those in the control group (P<0.001; n=6). However, the L + P treatment significantly reduced (P<0.05; n=6) these levels compared with the LPS group; although the levels were still significantly greater than those in the control group (P<0.05; n=6). These results suggested that the sepsis altered hepatic SM and cholesterol content, and that these peptides may be involved in sepsis-associated liver dysfunction.
SMS activity. SMS is a key enzyme of SM biosynthesis in a series of enzymatic reactions (7). Therefore, SMS activity was measured in the present study. As demonstrated in Fig. 3A , SMS activity increased significantly by 75.91% (P<0.001; n=6) in the LPS group compared to that in the control group, and PDTC significantly reduced this increase (P<0.05; n=6). As SMS1 and SMS2 may affect SMS activity, the expression levels of SMS1 and SMS2 were investigated. As indicated in Fig. 3B , the expression level of SMS2 was significantly upregulated (P<0.001; n=6) by ~71.62% in the LPS treatment group compared with that in the control group. Although the expression level of SMS1 had slightly increased in the LPS group compared with the level in the control group, this difference was not statistically significant (P>0.05; n=6). Notably, the increase of SMS activity (75.91%) was similar to the increase of SMS2 expression (71.62%). Therefore, the increase of SM content may be predominantly influenced by SMS2. Furthermore, the protein expression level of IκBα was also measured in the present study. Results indicated that the degradation level of IκBα was significantly increased in the LPS-treated group ( Fig. 3B ; P<0.001; n=6) compared to that in the control group; however, PDTC significantly inhibited (P<0.001; n=6) the IκBα degradation compared to the LPS group. These results suggested that PDTC inhibition of NF-κB activity may reduce hepatic inflammation.
Expression of cholesterol-related proteins.
In cells, HMGCR is a key enzyme in the biosynthesis of cholesterol, however, the transportation of cholesterol is associated with Apo A1, ABCA1 and SR-B1 (24) . Therefore, the expression levels of these proteins in the livers of mice were analyzed. As demonstrated in Fig. 4 , HMGCR was significantly upregulated (P<0.05; n=6) by ~37.63% in the LPS group compared with the level in the control group. Furthermore, ABCA1 and SR-B1 expression levels were significantly upregulated (P<0.001; n=6) in the LPS group, with an increase of ~57.82 and 111.70%, respectively, compared to the levels in the control group. The expression level of Apo A1 was significantly downregulated (P<0.001; n=6) by ~43.31% in the LPS group compared with the level in the control group. However, when PDTC was administered prior to LPS treatment, the trend of upregulation or downregulation was significantly reversed (P<0.05; n=6) compared with the LPS group. These results suggested that depression of NF-κB by PDTC may reduce the alterations induced by LPS.
Discussion
LPS-induced sepsis is a complex process that may damage many organs, particularly the lungs, liver and kidney, and several lipids are involved in this process (1) . However, in murine livers, the effect of sepsis on regulation of SM and cholesterol metabolism remains unknown, and it is necessary to clarify it. The results of the present study demonstrated that LPS treatment was able to induce sepsis and liver dysfunction in mice. Following LPS treatment, SM and cholesterol content was increased, and the protein expression levels of HMGCR, ABCA1, SR-B1 and SMS2 were increased. Contrastingly, the expression of Apo A1 was downregulated compared to the control group. However, when mice were intraperitoneally injected with PDTC, which may attenuate the inflammatory response by inhibiting NF-κB, all of the changes induced by LPS were reversed (19, 20) . These results indicated that sepsis directly affected the SM and cholesterol content, and the expression of these proteins in the livers of mice.
Various reports have demonstrated that SMS was involved in the inf lammatory process. Studies by Hailemariam et al (25) and Gowda et al (9) indicated that LPS treatment significantly increased SMS2 enzyme activity in HPAEC cells. Furthermore, adding the SMS inhibitor (D609) or knocking out SMS2 may attenuate inflammation in macrophages and lung injury of mice induced by LPS (9, 10) . In other words, SMS2 participates in and promotes sepsis. In the present study, it was indicated that hepatic SMS activity increased following LPS treatment, and this implied that the cause of the increase in SMS activity and SM content was the overexpression of SMS2, but not of SMS1. SMS2 is the principal enzyme that takes charge of the biosynthesis of SM in the liver (26) .
Cholesterol is a main lipid in cells that participates in sepsis. For example, modified low-density lipoprotein (oxLDL) treatment of macrophages increases cholesterol content and triggers inflammation in vivo, and mice fed with a high-fat diet also demonstrate inflammatory properties in macrophages (27) . However, simvastatin may depress the inflammatory response by reducing cholesterol content (27) . When mice are injected with LPS, the sepsis and liver dysfunction would be induced in the body of the mice, and the cholesterol content would be enhanced in the liver. The cholesterol content is tightly associated with cholesterol efflux in the livers of mice (24) . ABCA1 is a transmembrane protein that is able to mediate cholesterol efflux; however, Apo A1 may accept the cholesterol by interacting with ABCA1 to form the high-density lipoprotein (HDL), with a series of changes, and finally, the HDL may become the mature HDL (24, 28) . Therefore, the overexpression of ABCA1 and Apo A1 may strengthen the cholesterol efflux and decrease the content of cholesterol in the liver (24) . However, in the present study, the cholesterol content and the expression of ABCA1 were increased following LPS treatment. In early 2002, a study by Kaplan et al (29) demonstrated the same results as the present study. They believed that LPS may rapidly increase the expression of ABCA1 in the liver and THP-1 cells through a liver X receptor-independent mechanism (29) . However, we suggest that the upregulation of ABCA1 expression in liver cells may reflect a feedback inhibition mechanism by elevating cellular cholesterol content. Furthermore, reasonable explanations for the increase of the cholesterol content may be as follows: i) Elevated expression of HMGCR may increase the biosynthesis of cholesterol; ii) as an HDL receptor on liver cell membranes, SR-B1 may take up cholesterol into the liver (25) , and the increasing SR-B1 expression may promote cholesterol uptake and cholesterol influx; and iii) the downregulation of Apo A1 may also attenuate the cholesterol efflux, and accumulate the cholesterol in the livers of mice.
SM and cholesterol are main components of lipid rafts, which are sites for numerous cellular processes, including signaling, vesicular transporting, interaction with pathogens and viral infection (30) . In lipid rafts, SM and cholesterol may be anchored with each other, therefore, they may simultaneously increase in the livers of mice, and only SM and cholesterol were detected in the liver in the present study. For example, studies by Ding et al (31) and Yan et al (32) demonstrated that SMS overexpression may cause SM accumulation in cells and lipid rafts and increase the cholesterol content. Furthermore, patients with Niemann-Pick disease cannot hydrolyze SM due to defective SMase, resulting in the accumulation of SM and cholesterol in the liver and the nervous system (33) . Additionally, because ABCA1 is a transmembrane protein that is located in or near the lipid raft, some researchers have implied that the enhancement of SM and cholesterol may also increase the ABCA1 expression in cells (32) .
In conclusion, in the livers of mice, both SM and cholesterol content were increased during sepsis induced by LPS; however, PDTC was able to attenuate these alterations. Further investigation indicated that the change of SM and cholesterol were tightly associated with the overexpression of SMS2, HMGCR, SR-B1 and ABCA1, and the downregulation of Apo A1. These results suggested that lipid metabolism is a key factor affecting sepsis.
